The objective of this study was to identify the response of grain yield to plant density and nitrogen rate in spring maize hybrids released from 1970 to 2010 and grown extensively in Northeast China. Twenty-one hybrids were grown for 2 years in Northeast China at densities of 30,000, 52,500, 75,000, and 97,500 plants ha −1 and N application levels of 0, 150, 300, and 450 kg N ha −1 . Irrespective of density or nitrogen application rate, grain yields both per plant and per unit area were significantly higher for newer than older hybrids. As plant density increased from 30,000 to 97,500 plant ha −1 , yield per plant of 1970s, 1980s, 1990s, and 2000s hybrids decreased by 50%, 45%, 46%, and 52%, respectively. The response of grain yield per unit area to plant density was curvilinear. The estimated optimum plant densities were about 58,000, 49,000, 65,000, and 65,000 plants ha −1 for hybrids released in the 1970s, 1980s, 1990s, and 2000s, respectively. The theoretical optimum densities for the hybrids released from the 1970s to the 2000s increased by 1750 plants ha −1 decade −1 . Nitrogen fertilization significantly increased grain yields per plant and per unit area for all hybrids.
Introduction
Globally, maize (Zea mays L.) yield and total production increased by 168.5% and 311.8% during the period 1961-2010 [1] . The yield gain can be attributed mainly to variety improvement and cropping technique innovations, such as increases in plant density and fertilizer application [2] . Cardwell [3] reported that increased plant density contributed 21% of the gain in maize yield in Minnesota from 1930 to 1970. Wu et al. [4] stated that fertilizer inputs contributed 50% of the gain in maize yield in China during the period 1985-1994. Thus, the yield superiority of newer over older varieties is attributed to their productivity improvement and their better adaptation to changes in cropping techniques, such as dense cropping and nitrogen (N) fertilization [2, 5] . Characterizing trends in yield change and response to plant density and N application among maize hybrids released in different eras can guide future breeding of new varieties and cropping technique innovation [6, 7] .
Many experiments have been conducted to study the changes in maize hybrids during the past decades [8] [9] [10] [11] . Most have focused on changes in plant productivity and morphological characteristics among different eras [12] [13] [14] , and have greatly advanced our understanding of the improvement potential of maize hybrid productivity and accelerated the progress of new variety breeding [15] [16] [17] . With respect to response to density and N rate, some studies have confirmed that older hybrids gave their highest yields at lower densities typical of their era of release, whereas newer hybrids yielded most at higher densities typical of recent years [2, [18] [19] [20] . N application rates with the highest yields were lower for newer than for older hybrids [21] and older hybrids were more sensitive than newer ones to low soil N [22, 23] . However, fewer studies have focused on plant density × N rate × decade interaction. Moreover, most previous studies have been conducted in the European and American continents, with few conducted in Asia. Although it is well known that increased plant density and N application have contributed much to the yield gains of maize hybrids during the past eras [2, 21, 24] , this knowledge is not well documented. It is desirable to investigate further the response of grain yield to plant density and N application in maize hybrids released from different eras, especially in Asia.
Northeast China is the major maize cropping area in Asia and accounts for more than one third of the total maize-sown area in China. Approximately 1200 maize cultivars were released during the period 1970-2010; however, few studies of the change of these cultivars, especially with respect to their responses to plant density and N application under field conditions, have been performed. This lack of knowledge hinders the progress of new variety breeding and cropping technique innovation in Northeast China. We accordingly conducted a field experiment to investigate the responses of grain yield, morphological characteristics, and yield components to plant density and N application, using 21 leading hybrids released during 1970-2010 in Northeast China.
Materials and methods

Study site
This study was conducted in three locations: Shuangcheng (45°25′ N, 126°24′ E), Heilongjiang province; Liuhe (42°05′ N, 125°50′ E), Jilin province; and Tai'an (41°24′ N, 122°26′ E), Liaoning province, China in 2009 and 2010. The rainfall and mean daily air temperature during the growing season in 2009 and 2010 and the soil chemical characteristics at the experimental sites are described in Tables 1 and 2. 
Plant materials and experimental design
Twenty-one maize hybrids, spanning four decades from the 1970s to 2000s and representing the most popular hybrids of their time in the main maize-growing areas in Northeast China, were used. All tested cultivars were the top 10 cultivars in their era of approval with a sown area of more than one million hectares per year in each province. All the parental seeds of the tested hybrids except for those of the 2000s were obtained from the State Bank of Crop Germplasm Sources in Chinese Academy of Agricultural Sciences, China. The seeds of hybrids from the 1970s to 1990s were reproduced hybridization of their parents in Shanya city, Hainan province, China in 2008 and 2009, respectively. The seeds of the 2000s hybrids were purchased from local seed companies. Detailed information about the hybrids tested at each experimental site is presented in Table 3 .
Three treatments (hybrid variety, plant density, and N application rate) with three replicates were applied. In view of the changes in plant density and N application adopted by farmers during 1970-2010 in Northeast China, eight hybrids ( Table 3) with three densities (30,000, 52,500, and 75,000 plants ha − 1 ) and three N application rates (0, 150, and 300 kg ha − 1 ) were assigned to each experimental site in 2009. Based on the results in 2009 and considering the density and N rate used in yield contests, a density (97,500 plants ha − 1 ) and N application rate (450 kg ha − 1 ) were added in 2010. The plots were arranged in a split-split design, in which plant density was the main plot, N treatment the split plot, and the hybrid variety the sub-split plot. Each sub-split plot comprised five rows 5 m in length.
Total fertilizer P 2 O 5 , K 2 O and one third of N were applied pre-planting and the remaining N (as urea) was applied at the six-leaf collar stage [25] based on each treatment's 
Plant sampling and measurements
Prior to silking, three randomly selected plants of the second row were tagged. At silking (when silks had emerged for 60% of plants within a subplot), plant and ear height and the area of all green leaves were measured on these three tagged plants. Leaf area was calculated as lamina length × maximum width × 0.75. Stalk lodging and barrenness were assessed on the day when each hybrid was harvested. Plants were considered barren when they did not present a visible ear or produced a rudimentary female inflorescence with fewer than 10 kernels [6] . At physiological maturity, rows 3 and 4 of each subplot were hand-harvested for grain yield corrected to a 140 g kg −1 water basis. Three plants were measured for dry matter production and harvest index. Kernels per plant were counted for five plants and kernel weight per plant was recorded.
Statistical analysis
Statistical analyses were performed for the split-split plot arrangement for data combined from three sites and each year was analyzed separately. Means of the three sites were used for three-way ANOVA analysis and LSD multiple comparison using SPSS 11.5. Sums of squares for cultivars and interactions involving cultivars were partitioned among eras.
Results and discussion
3.1. Response of grain yield to plant density Similar trends of grain yield were found in the experimental years 2009 and 2010, and grain yields both per plant and per unit area of the hybrids at different plant densities in the 2010 experiment are presented in Fig. 1 . Grain yield per plant decreased significantly with increase in plant density, and as plant density increased from 30,000 to 97,500 plant ha −1 , the per plant yields of the 1970s, 1980s, 1990s, and 2000s decreased by 50%, 45%, 46%, and 52%, respectively ( Fig. 1-a) .
The decreasing trend of per plant yield with increasing density in each decade was in accord with the results of Niu et al. [26] . Irrespective of density, grain yields both per plant and per unit area of newer hybrids were significantly higher than those of older ones ( Fig. 1 and Table 4 ), in agreement with results of experiments conducted in China by Ci et al. [27] and Niu et al. [26] . The response of grain yield per unit area to plant density differed for all the tested hybrids ( Fig. 1-b ). The grain yields of hybrids released in the 1980s and 1990s did not differ at the planting density of 30,000 plants ha − 1 ; however, with increasing density, the yield difference between them expanded significantly. According to the response to planting density, the hybrids from the four decades could be divided into two groups: the 1970s and the 1980s into a group that was intolerant of dense planting and the 1990s and the 2000s into a group that was adapted to dense planting. The newer hybrids showed clear increases in tolerance of dense planting.
According to the parabolic relationships, estimated optimum plant densities were about 58,000, 49,000, 65,000, and 65,000 plants ha − 1 for hybrids released in Northeast China in the 1970s, 1980s, 1990s, and 2000s, respectively. The estimated ideal densities are greater than the planting densities actually used by farmers in Northeast China, ranging from 30,000 to 52,500 plants ha −1 , but they are still lower than the ideal densities of hybrids released in Brazil during the 1970s, 1980s, and 1990s, which were about 71,000, 79,000, and 85,000 plants ha −1 , respectively [6] . The estimated optimum densities in the present study are also significantly lower than the present planting density in U.S., which averages about 80,000 plants ha −1 [17] . During the past 50 years, maize plant density in the central U.S. corn belt has increased at an average rate of about 1000 plants ha − 1 year − 1 [2] . However, based on our study, the estimated optimum density for the hybrids released in Northeast China has increased by only 175 plants ha − 1 year − 1 from 1970 to 2010. Thus, in comparison with other countries, there is still a substantial margin for increasing corn yield by increasing plant density in Northeast China by improving tolerance to dense cropping [6] .
Responses of grain yield to nitrogen application
Nitrogen fertilization significantly increased grain yield per plant and per unit area for all hybrids. Irrespective of N application rate, newer hybrids outyielded older ones (Fig. 2 , Table 4 ), suggesting that modern hybrids have higher resource use efficiency than older ones [28, 30] . Without nitrogen application, the grain yield per hectare of hybrids released in the 2000s was superior to those of the hybrids from the other three decades, indicating that the 2000s hybrids could tolerate infertile soil. As applied nitrogen increased from 0 to 150 kg ha −1 , the mean yield of hybrids released in the 1970s, 1980s, 1990s, and 2000s increased by 15.20%, 19.37%, 26.54%, and 19.29%, respectively. As nitrogen application increased from 150 to 300 kg ha −1 , yields increased by 7.07%, 2.74%, 6.65%, and 1.78%, respectively. When nitrogen application increased from 300 to 450 kg ha −1 , the yields of hybrids released in the 1980s and 2000s increased by 3.81% and 0.16%, respectively, but the yields of hybrids released in the 1970s and 1990s decreased by 6.80% and 2.85%, respectively. According to the relationship between grain yield per unit area and N application rate, the theoretical optimal fertilization rates for the highest yield were 280, 360, 330, and 330 kg N ha − 1 for hybrids released in the 1970s, 1980s, 1990s, and 2000s, respectively. At present, the practical N application rate used by farmers in Northeast China ranges from 350 to 400 kg ha −1 , which is higher than the theoretical optimum N level estimated in this study. During the last decades, commercial N application to maize plantings has stabilized at approximately 145-150 kg ha −1 in the United States [31] , which is half of the amount presently used in Northeast China. The present study also showed that there were no significant differences in grain yields for hybrids released in the 2000s between fertilization levels of 150 to 450 kg N ha −1 (Fig. 2) , indicating that further addition of N fertilizer will not confer yield gain in Northeast China. Our results demonstrate that it is possible and necessary to further improve N use efficiency for maize production via breeding and cropping innovation in Northeast China. Future increases in maize yield can be achieved with an unchanged or even reduced N application rate so as to conserve environmental health and reduce production costs [5] .
The nitrogen application rate that resulted in the highest and lowest yields of the maize hybrids differed at different planting densities. At 30,000 and 52,500 plants ha −1 , the 2000s hybrids showed the highest yields (7421 and 10,780 kg ha −1 , respectively) under a nitrogen application of 450 kg ha −1 , and the 1970s hybrids showed the lowest yields (5318 and 5804 kg ha −1 , respectively) under no nitrogen application. At 75,000 and 97,500 plants ha −1 , the 2000s hybrids showed the highest yields (9582 and 9271 kg ha −1 ) under a nitrogen application of 300 kg ha −1 , and the 1980s showed the lowest yield (5858 kg ha −1 , at a planting density of 75,000 plants ha −1 ) with no nitrogen, and the 1970s hybrids showed the lowest yield (4419.53 kg ha −1 , at a planting density of 97,500 plants ha −1 ) at the nitrogen rate of 450 kg ha −1 . When the effects of hybrids, plant density and nitrogen application on the grain yield were compared, nitrogen application, density and hybrid accounted for 51.78%, 25.21%, and 17.71% of the contributions, respectively.
Maize yield trends over the period 1970-2010 in Northeast China
Significant yield gains per plant and per unit area were found, with average increases over the period 1970-2010 of 17.9 g plant −1 decade −1 and 936 kg ha −1 decade −1 , respectively. Wang et al. [11] also reported that the yield gain of maize hybrids released in China between 1964 and 2001 was 600 kg ha −1 decade −1 , owing mainly to the increase in grain yield per plant. However, Duvick [20] found that the yield potential per plant did not change over the period from 1930 to 1990 in the U.S.A., although there was a large yield gain per unit area over the eras. Tokatlidis and Koutroubas [28] verified that modern hybrids did not exceed older ones in yield potential per plant. Some studies have shown that modern hybrids lack yield superiority in small plant populations, owing to progress in the U.S.A. in maize breeding at high density [29] . Our results indicate that there are great differences in maize breeding strategies between China and other countries. Chinese breeding scientists have invested more effort in increasing maize yield per plant than in tolerance to dense cropping. However, maize breeders in other countries, such as on the American and European continents, have focused on population productivity because of the requirements of mechanized cropping and the new objectives of high yield and high resource use efficiency [28, 30] . At present, similar development trends of mechanized dense cropping and higher yield with higher efficiency are occurring in China, especially in the northeastern maize cropping areas. Increasing maize resistance to dense cropping without changing grain yield per plant will be the future breeding strategy in Northeast China.
Rates of lodging and barren plants
Both lodging and barren plant rates increased significantly with increasing plant density for all hybrids from different eras ( Table 5 ). Lodging and barren plants represent two of the most serious constraints to dense planting of maize worldwide [32] .
Our results showed that lodging and barren plant rates of the newer hybrids were significantly lower than those of the older ones, especially at high plant density (P < 0.05). Sangoi et al. [6] also reported that stands above 50,000 plants ha −1 showed greater lodging and more barrenness in older hybrids than in newer ones. There were no significant effects of N application on the rates of lodging and barren plants ( Table 5 ). Our results indicate that resistance to lodging and barrenness has improved significantly in the series of hybrids grown in Northeast China from the 1970s to the 2000s.
Morphological characteristics and yield components
There was no clear trend in plant height with increasing plant population density, whereas ear height increased significantly ( Table 6 ). The increases in ear height were 1.76, 1.45, 1.67, and 2.74 cm per 10,000 additional plants ha −1 for hybrids released in the 1970s, 1980s, 1990s, and 2000s, respectively, leading to an upward trend in plant center of gravity. Plant and ear height increased by approximately 5.5 and 4.5 cm decade −1 , respectively, on average for all the hybrids over the period 1970-2010 (Tables 6 and 7) . A previous study indicated that plant height of hybrids adapted to central Iowa remained unchanged over years but that ear height showed a weak decreasing trend of approximately 3 cm decade − 1 from 1930 to [6] reported that older hybrids plants were taller and had a higher ear insertion to plant height ratio than newer ones. In the present study, significant increases in 1000-kernel weight (19.6 g decade − 1 ) and kernel number per ear (10 kernels decade −1 ) with the year of hybrid release were found (Tables 6 and 7) . Tollenaar et al. [33] and Echarte et al. [34] concluded that kernel number contributed most to the yield increase in Canada and Argentina, but no clear trend in kernel weight with year was found [34] . Our results indicate that increases in both kernel weight and number have contributed to yield gain over time in Northeast China, and that there are large differences between Northeast China and other cropping areas in the responses of morphological characteristics and yield components to plant density. A clear increasing trend in morphological traits was found with increasing N application rate (Table 7) . For example, with an increase of N fertilizer by 100 kg ha −1 , the kernel number per ear increased by 10, 4, 5, and 13, and 1000-kernel weight increased by 6.32, 5.79, 9. 67, and 5.43 g from the 1970s to the 2000s. These findings suggest that added N fertilizer simultaneously increases kernel number and weight.
There were significant differences between Northeast China and other countries with respect to the morphological characteristics and grain components of the hybrids. These differences could be attributed to the difference in breeding strategies. In Northeast China, new hybrids are selected at a low population density of about 45,000 plants ha −1 , much lower than those used abroad for selection, with densities greater than 75,000 plants ha −1 . Most focus is still on the improvement of morphological traits for higher productivity per plant, rather than to increasing tolerance to high population density.
Conclusions
Irrespective of planting density and nitrogen application rate, grain yields both per plant and per unit area of newer hybrids were significantly higher than those of older ones. The theoretical optimum densities for the hybrids released from the 1970s to 2000s increased by 1750 plants ha −1 decade −1 . No significant difference was found in the grain yield for the 2000s hybrids between the N levels of 150 to 450 kg ha −1 . Significant yield gains per plant and per unit area were found, with average increases of 17.9 g plant −1 decade − 1 and 936 kg ha −1 decade −1 over the period 1970-2010, respectively. Yield gains were attributed mainly to the increase of yield per plant, which was contributed by increases in kernel number per ear and 1000-kernel weight. Our results indicate that maize yield in Northeast China can be further increased by dense cropping with an unchanged or even lower N application rate. 
